* New Zealand (NZ) Endemic (E); NZ Introduced (I); non-NZ control (C) mosquito species. † Developmental stage at time of collection. ‡ Not applicable. GPS = global positioning system.
INTRODUCTION
New Zealand (NZ) historically has been free of arboviral activity with the exception of Whataroa virus (WHAV) ( Togaviridae : Alphavirus ), which is established in bird populations on the west coast of the South Island of NZ and has been isolated from the local mosquitoes, Culiseta tonnoiri (Edwards) and Culex pervigilans Bergroth in South Westland. [1] [2] [3] This naive situation is threatened by global warming, invasive mosquito species, and an increasing level of tourism where travelers and mosquitoes on the aircrafts in which they fly may inadvertently introduce mosquito-borne and other viruses actively circulating in other parts of the world. 4 The speed of travel and the increasing numbers of people traveling create an environment where viruses can readily be introduced into new environments. As a step in determining the potential for endemic mosquitoes currently existing in significant numbers in NZ, and for known invasive species, to serve as vectors of viruses, evaluation of vector competence for selected species and medically significant viruses under appropriate conditions was conducted.
New Zealand has both endemic and introduced mosquito species active on both of the main islands, the North and South Islands. 5 Opifex fuscus is one of three endemic species and is the sole member of the Opifex genus. This is a coastal mosquito that is found on both the North and South Islands where it lives and oviposits in coastal rock pools. 6 Culex pervigilans , a second endemic species, can be found throughout the islands of NZ. Both Op. fuscus and Cx. pervigilans are seasonally active in the summer. However, another endemic species, the flood water ground pool ovipositing Aedes antipodeus , is active during winter months on both the North and South Islands. 7 Three introduced species found in NZ are Aedes australis , Aedes notoscriptus , and Culex quinquefasciatus , although Cx. quinquefasciatus has been present in NZ for ~150 years and may be considered an established exotic species at this stage. 8 Aedes australis was introduced to NZ in the 1960s aboard shipping vessels. 9 It has become established in coastal saline rock pools of the southeast South Island and Stewart Island, apparently displacing Op. fuscus in these areas (Cane RP, unpublished data), and has remained restricted to these areas to date. 4, 8 This cold tolerant species lays eggs from October to April. Aedes notoscriptus was first reported in the 1920s and is endemic to Australia. 10 A container ovipositing fresh water species predominantly occurring in urban and semi-urban areas, it can be found throughout the North Island and in isolated areas of the South Island as far south as Christchurch (Cane RP, unpublished data). In temperate climates Ae. notoscriptus are active all year, but in the cooler climate of NZ they overwinter as larvae. Culex quinquefasciatus was first recorded in NZ in 1848 and it is believed to have been introduced from whaling vessels. 8, 11 This species can be found on both the North and the South Islands and resides mostly in and around urban settings . This species is active in the warmer months, overwintering as larvae from May to September.
Only one vector competence study for arboviruses has been conducted with mosquito populations from NZ, 12 but more extensive studies with strains of selected species collected in Australia have been published. These studies examined vector competence of Australian mosquito species for alphaviruses ( Togaviridae ) Barmah Forest virus (BFV), Chikungunya virus (CHIKV), Murray Valley encephalitis virus (MVEV), Ross River virus (RRV), and Sindbis virus (SINV); and flaviviruses ( Flaviviridae ) Dengue virus (DENV), Japanese encephalitis virus (JEV), and West Nile virus (WNV). The vector competence of Ae. notoscriptus was studied with BFV, 13, 14 CHIKV, 15 RRV, 16, 17 and DENV. 13, 18 Culex quinquefasciatus vector competence was examined with MVEV, 19, 20 RRV, 14, 17, 20, 21 DENV, 22 JEV, 23 and WNV. 24 Competence of Ae. australis for SINV was studied with mosquitoes from Australia, 21, 25 whereas NZ mosquitoes were used to study competence for RRV and DENV. 12 In addition, a theoretical risk assessment of the threat of CHIKV to NZ was published, although no experimental studies were conducted. 26 It is known that although the one endemic arbovirus in NZ, the alphavirus WHAV, is highly transmitted by Ae. australis , 2 and it readily infects birds, there has been no evidence of a confirmed human infection. 4 The objective of the studies reported here is primarily to determine the ability of mosquitoes active in NZ to serve as competent vectors of viruses that might be introduced from other countries. In addition, we wanted to determine if an introduced virus would be able to survive the winter in resident mosquitoes, either through vertical transmission from Abstract. New Zealand (NZ) historically has been free of arboviral activity with the exception of Whataroa virus ( Togaviridae : Alphavirus ), which is established in bird populations and is transmitted by local mosquitoes. This naive situation is threatened by global warming, invasive mosquitoes, and tourism. To determine the threat of selected medically important arboviruses to NZ, vector competence assays were conducted using field collected endemic and introduced mosquito species. Four alphaviruses ( Togaviridae ): Barmah Forest virus, Chikungunya virus, Ross River virus, and Sindbis virus, and five flaviviruses ( Flaviviridae ): Dengue virus 2, Japanese encephalitis virus, Murray Valley encephalitis virus, West Nile virus, and Yellow fever virus were evaluated. Results indicate some NZ mosquito species are highly competent vectors of selected arboviruses, particularly alphaviruses, and may pose a threat were one of these arboviruses introduced at a time when the vector was prevalent and the climatic conditions favorable for virus transmission. parent to progeny through the eggs, or in overwintering adult females.
MATERIALS AND METHODS
Mosquitoes. The mosquitoes used in these studies ( Table 1 ) include both endemic and introduced species to NZ, and colonized mosquitoes from North and Central America that served as controls. New Zealand mosquitoes were shipped to the Arbovirus Laboratories, Wadsworth Center as either eggs or larvae. The general rearing protocol ( Table 2 ) consisted of larval rearing at 24°C in 35.6 cm × 27.9 cm × 8.3 cm plastic flats (Sterilite, Townsend, MA) containing 1 L of filtered water, and feeding every other day with koi food mixture, composed of a 1:1:1 ratio mixture of ground koi food (Kaytee products, Clinton, WI ), lyophilized bovine liver powder (MP Biomedicals, Solon, OH ), and rabbit chow (Kaytee fortified diet) with a light/ dark cycle 16:8 hr. New Zealand adult mosquitoes generally were maintained at 24°C with the same light/dark cycle with 10% sucrose ad lib in 30.5 cm cages, with the exception of Ae. antipodeus , which were reared and maintained at 16°C, and the United States control colonies reared at 26°C but maintained at 24°C following infectious blood meal. Modifications to the standard protocol were guided by published literature on each species and adapted from knowledge of local breeding habitats. These modifications were tested in the laboratory and are noted below for each species. Before experimental vector competence assays were undertaken, all species were tested for blood meal preference and the preferred feeding hour used in all experimental work ( Table 2 ) .
Endemic species. Opifex fuscus. The eggs were collected in Wellington, NZ, and shipped to the Arbovirus Laboratory where a colony was established, guided by published procedures. 6 Larvae were reared in 75% salt water (Instant Ocean, Foster & Smith, Inc., Rhinelander, WI ) diluted with 25% dechlorinated water. Mating of this species occurs on the water surface 27 ; therefore, pupae were transferred to a 30.5cm 3 cage with a flat pan containing 75% salt water where the adults emerged and mated. Newly emerged females are autogenous; thus, for experimental feeding they were provided with cotton coils soaked in fresh water for an oviposition substrate 3 days before the infectious blood meal. The eggs were stored in a plastic bag and held in a covered container with a damp sponge at 15°C until needed.
Culex pervigilans. Larvae were collected from sites on both the North and South Islands and reared in low densities with dechlorinated water under the standard rearing protocol. Adults were maintained as described previously. A colony could not be established because eggs were never laid despite successful feeding by females on defibrinated bovine blood (Hema-Resources, Aurora, OR) at night. 28 Aedes antipodeus. Larvae collected from the North Island, were shipped at various instar stages and reared at 16°C in low densities with a 7:17(L:D) cycle to simulate winter conditions. Emerged adults were maintained as described previously but held at 16°C. Because of the low rearing temperature, time from egg hatch to adult lasted ~30 d. A colony was not established because of low numbers available.
Introduced species. Aedes australis. Larvae, collected and shipped at various instar stages from Otago, were reared in 75% salt water (Instant Ocean) under the same general rearing protocol as described previously. A colony could not be established because the adult females refused to feed on blood from different sources.
Culex quinquefasciatus ( NZ ) . Larvae, collected and shipped at various instar stages from the Hutt Valley, were reared in dechlorinated water under the general rearing protocol described previously. Adults were fed weekly on defibrinated goose blood (Rockland Immunochemical Inc., Gilbertsville, PA) sweetened with 10% sucrose and provided with oviposition cups for egg rafts. A colony was successfully established.
Aedes notoscriptus. Eggs collected from Auckland were hatched and reared and adults were maintained as described under general protocols. A colony was not established because the necessary environmental conditions could not be met.
Control mosquitoes. All control species were maintained with water pads and sugar cubes in 30.5 cm cages and held at 26°C ± 2, with 70% ± 10 relative humidity with a photoperiod 16:8 (L:D).
Aedes aegypti ( Panama ) . Eggs were collected in Panama by J. Loaiza and sent to the Arbovirus Laboratory, Wadsworth Center, in 2007 to establish a colony. Larvae were reared 
and adults maintained as described previously. Females were fed weekly on defibrinated rabbit blood (Hema-Resources) sweetened with 10% sucrose. Eggs were collected weekly, allowed to embryonate, and stored in a small plastic bag in a closed container containing a moist sponge for humidity. When needed, the eggs were hatched under vacuum and larvae reared in low densities. Aedes albopictus. Eggs were kindly provided in April 2007 by D. Seversen, Notre Dame University. Mosquitoes were reared and maintained in a colony, and eggs stored as described for Ae. aegypti .
Culex pipiens ( USA ) . A colony was established from mosquitoes collected by M. Hutchinson in 2002 in Pennsylvania.
Mosquitoes were reared and adults maintained as described previously except mosquitoes were maintained in 46 cm 3 cages. Adult females were fed weekly on defibrinated goose blood (Rockland Immunochemical) sweetened with 10% sucrose.
Culex quinquefasciatus ( USA ) . Mosquito larvae were provided by D. Fonseca, Rutgers University in 2008. The colony originated from Benzon Research, Inc. (Carlisle, PA) who obtained the mosquitoes from Virginia Polytechnic Institute and State University. The adults were maintained at 26°C as described previously.
Mosquito feeding preferences. Blood preference and optimum feeding time were determined before the vector competence assays for each mosquito species ( Table 2 ) . A variety of defibrinated bloods were offered including guinea pig, sheep, rabbit, bovine, and goose using pledgets, sausage casing (porcine casing rinsed in the brine solution, knotted at one end, filled with the virus suspension, knotted, and warmed in a 30°C water bath), and membranes. The results ( Table 2 ) guided the subsequent feedings.
Cells and viruses. Aedes albopictus cells (C6/36; ATCC CRL-1660) were grown in minimal essential medium (Invitrogen, Carlsbad, CA) supplemented with 10% fetal calf serum (Hyclone, Logan, UT), 2 mM L-glutamine, 0.3% sodium bicarbonate, 100 U of penicillin/mL, and 100 μg of streptomycin/ mL and 1 U of non-essential amino acids/mL. African Green monkey kidney cells (Vero; ATCC CC1-81) were grown in the same medium but without non-essential amino acids.
The history of the 12 virus strains used in this study are listed in Table 3 . The viruses included five flaviviruses ( Flaviviridae , Flavivirus ): WNV, MVEV, DENV serotype 2 (DENV2), Yellow fever virus (YFV), and JEV; and four alphaviruses ( Togaviridae , Alphavirus ) BFV, RRV, CHIKV, and SINV. Viruses used in the vector competence assays were generally prepared on the day of use from a fresh harvest of infected C6/36 cells; however, several studies used virus thawed from a frozen stock with a known concentration of virus, as noted in Tables 4 and 5 .
Vector competence assays. Peroral infection. All work with infectious blood meals was conducted in the BSL3 insectary at the Arbovirus Laboratory, Wadsworth Center, New York State Department of Health, Albany, New York. Blood meals containing virus from frozen stocks were prepared by combining 4.5 mL of defibrinated goose, rabbit, or bovine blood, 2.5% (w/v) sucrose, 100 μL of adenosine 5′-triphosphate (ATP, 0.02 μM), and ~100 μL of virus stock. To increase virus titers and the efficiency of infection, most blood meals were prepared from freshly harvested virus-infected cells. Confluent C6/36 cell monolayers in 75 cm 2 flasks were infected at a multiplicity of infection of 0.1 plaque forming unit (pfu)/cell, and incubated at 28°C for 2-4 d, depending on the virus. The blood meal was prepared by scraping infected cells into the media, and mixing the suspension 1:1 with defibrinated blood plus ATP and 2.5% (w/v) sucrose.
Adult mosquitoes were mechanically aspirated from 30.5 cm 3 cages, placed in 4 L waxed cardboard cartons, and maintained with 10% sucrose for up to 1 week before vector competence studies. Before experimental feeding, mosquitoes were starved of sucrose for 24-36 hr. Peroral infection was achieved by exposing mosquitoes to blood meal-soaked pledgets for ~1 hr at room temperature, as previously described. 29 Exceptions were made for Cx. pervigilans , where the blood meal was offered in sausage casing overnight; and for Ae antipodeus that were starved 36-72 hr during which time they were slowly warmed to 24°C for feeding. In all cases, a 0.5 mL aliquot of the blood meal was taken both before and after the mosquitoes fed, and frozen at −80°C for subsequent plaque assay. After feeding, the mosquitoes were sorted under CO 2 and the fully engorged females were placed in 0.57 L cardboard containers. Fed females were maintained with sugar and moisture at 24°C. transmission assays as described previously. 29 Salivary secretions, legs, and bodies were harvested and frozen separately at −80°C for subsequent determination of transmission, dissemination, and infection rates, respectively. Body and leg samples were prepared for virus titration by homogenization using a mixer mill (Qiagen, Valencia CA) at 24 cycles/sec for 30 sec, and then clarified by centrifugation at 10,000 rpm for 1 min.
Long-term survival of infected mosquitoes was tested where number of specimens received allowed. In some cases, low numbers of larvae collected in NZ made assessment of vertical transmission impossible because vector competence studies were considered a priority. The mosquitoes were infected as described, held for extended periods of time up to 120 d, and then tested for ability to transmit.
Vertical transmission.
Vertical transmission studies could be conducted only with mosquitoes that would mate and lay fertile eggs successfully, allowing these studies to be conducted with two species, Op. fuscus and Cx. quinquefasciatus . Female and male adult Op. fuscus m osquitoes were aspirated from the 30.5cm 3 cage after 1 week to allow mating, and placed in 4 L cardboard cartons, and provided with cotton coils soaked in fresh water for an oviposition substrate. After the females had laid the first batch of autogenous eggs, the mosquitoes were deprived of sugar and water for 18-24 hr, and then fed a blood meal containing RRV. Engorged females were placed in 0.57 L cardboard containers in a 24°C incubator with a 16:8 (L:D) cycle. Cotton coils were checked daily for eggs. Once eggs appeared, the cotton coil was changed and the eggs were placed in a plastic bag labeled with date and oviposition cycle. Eggs were subsequently submerged in 75% salt water, allowed to hatch, and reared to the fourth instar stage, which was harvested for subsequent detection of virus. Larvae were pooled for assay in groups of five because of the large size of the larvae, rinsed sequentially with dechlorinated water, phosphate buffered saline (PBS[-]), and 1.0 mL of mosquito diluent (MD; PBS [-] supplemented with 20% fetal bovine serum and antibiotics), and then frozen in fresh 1.0 mL MD at −80°C for subsequent titration by plaque assay. Parental females were frozen at −80°C at the termination of the experiment and processed as described previously to determine overall infection rate, although eggs were collected en masse and individual adults were not distinguished.
Culex quinquefasciatus females were allowed to mate with males for 1 week, then fed blood meals containing WNV, and incubated as for Op. fuscus . Once a week, an oviposition cup with filtered water was introduced into the carton through a sleeve in the container while working in a secure plexiglass sleeve box. After removal of the egg rafts, the mosquitoes were offered a fresh uninfected blood meal. The egg rafts were allowed to hatch and larvae were fed a koi food mixture daily. Fourth instar larvae were harvested, as described previously, and frozen at −80°C in pools of 10-25 for subsequent virus testing. Larvae and adults harvested from the vertical transmission studies were tested for presence of WNV RNA by reverse transcription-polymerase chain reaction (RT-PCR ).
Virus assays. Plaque assays. Virus titrations were performed by inoculating 100 μL of the salivary secretions or supernatant of homogenized bodies and legs onto confluent monolayers of Vero cells in 6-well Costar plates (Corning Life Sciences, Lowell, MA) . Larval pools from the vertical transmission assay with Op. fuscus were homogenized in pools of five and 100 μL were inoculated onto confluent monolayers of Vero cells. Plaque assay was used for the larval pools rather than RT-PCR because the latter assay was not developed for use with RRV in the Arbovirus Laboratory. Plaque assays were conducted as described previously 30 to determine presence of infectious virus in the mosquito specimens. Titers of the blood meal harvested before and after the mosquitoes fed were also determined by plaque assay.
Real-time RT-PCR. Mosquito adults and larvae from the vertical transmission assays were tested for the presence of WNV RNA by real-time RT-PCR. 31 If viral RNA was detected, plaque assay for infectious virus was planned. Samples were homogenized as described for vector competence assays, and RNA was extracted from 350 μL of clarified homogenates (25) 75 (24) 4 (24) 14 96 (25) 92 (24) 46 (24) ( using RNeasy kits (Qiagen). The assay was performed on an ABI Prism 7500 PCR system, using TaqMan One-Step RT-PCR master mix (Applied Biosystems, Foster City, CA ) according to manu facturer's protocol. The 50 μL reaction consisted of 1 μM of each primer pair, 0.2 μM of probe, and 10 μL of extracted RNA. The sequences of the primer/probe set specific for the WNV NS5 region, were 5′-GCTCCGCTGTCCCTG TGA-3′, 5′-CACTCTCCTCCTGCATGGATG-3′, and 5′-6-carboxyfluorescein-TGGGTCCCTACCGGAAGAACCA CGT-6-carbox-N,N,N',N'-tetra methylrhodamine -3′. Ten-fold dilutions of WNV (800-0.08 pfu) were used as standards in every assay. Thermal cycling consisted of 48°C for 30 min for reverse transcription, 95°C for 10 min, and 40 cycles of 95°C for 15 sec, and 60°C for 1 min. Data were analyzed by identifying the amplification cycle at which fluorescence increased above threshold (Ct), which was fixed at 0.1. A sample was determined to be positive if the Ct value was equal to or less than the threshold Ct value.
ID 50 studies. Viruses were amplified on C6/36 cells and harvested from cells on the day of infections, as described for peroral infections. To determine the dose at which 50% of mosquitoes became infected (ID 50 ), blood meals containing 10-fold serial dilutions of harvested virus were prepared and used to feed 100-200 females/dose. Engorged females were maintained at 24°C with a 16:8 (L: D) cycle for 7-14 d, and then frozen for subsequent virus plaque assay of the original blood meal and homogenized mosquitoes. The ID 50 of each strain was calculated by the method of Reed and Muench. 32 (1) 100 (1) 
RESULTS
Peroral vector competence of endemic species. Culex pervigilans was a competent vector of RRV ( Alphavirus ) and WNV ( Flavivirus ) following feeding on high but not unrealistic titers of virus ( Tables 4 and 5 , respectively). This species was not a competent vector of BFV ( Alphavirus ) or MVEV ( Flavivirus ) following feeding on a moderate dose, or of CHIKV ( Alphavirus ) following feeding on a high dose. It is surprising that Cx. pervigilans were able to become infected with and transmit DENV after 23 d extrinsic incubation because most Culex species generally are not considered vectors of this virus as a consequence of their ornithophilic nature.
Opifex fuscus was a competent vector of all five alphaviruses tested, but did not transmit any of the six flaviviruses tested even though mosquitoes became infected and virus disseminated from the midgut. Transmission might have occurred were the females longer lived. Mosquitoes were significantly more efficiently infected after feeding on freshly harvested virus compared with frozen virus stock. This was observed with WNV and MVEV, although titers of the frozen stock were 0.5 log 10 pfu lower, and with SINV where the blood meals contained the same concentration of virus.
Aedes antipodeus was a competent vector for the alphaviruses BFV and RRV, but did not transmit CHIKV after 21 d extrinsic incubation; this may have been a consequence of the low temperature of incubation, 16°C, since virus disseminated well from the midgut. This species also was a poor host for WNV, with only 7% infection after 21 d and no mosquitoes infected on Day 43, even after feeding on 10.4 log 10 pfu virus. However, despite the low temperature of extrinsic incubation, this species was a highly competent DENV vector.
Peroral vector competence of introduced species. The two NZ introduced Aede s species tested were competent vectors for most alphaviruses examined ( Table 4 ) . Although Ae. notoscriptus did not transmit CHIKV after 14-21 d, it was surprising that the control colony, Ae. aegypti , also did not transmit virus, possibly because of the 24°C incubation. It should be noted that we have not had problems working with CHIKV in the past. Aedes australis was poorly infected with SINV. The NZ Cx. quinquefasciatus mosquitoes became infected and transmitted BFV and RRV, but the levels were low. Similar low levels were observed with Cx. pipiens and Cx. quinquefasciatus from the United States and with the NZ endemic Cx. pervigilans . The NZ Cx. quinquefasciatus mosquitoes were poor vectors for SINV, although transmission was achieved after 21 d extrinsic incubation.
The NZ introduced mosquito species did not prove to be competent vectors for flaviviruses, except for WNV, which infected and was transmitted well by Ae. australis and Cx. quinquefasciatus , and MVEV, which Cx. quinquefasciatus transmitted at a low level ( Table 5 ) .
Vertical transmission. Two attempts at vertical transmission with Op. fuscus after successful feeding on a blood meal containing 8 log 10 pfu/mL of RRV led to negative results. In one experiment, viable eggs were obtained from 120 RRVfed females after the second ovarian cycle (OV2), yielding a final number of 31 pools of five larvae. The third ovarian cycle (OV3) yielded two pools of five larvae each, both negative. The second experiment yielded 100 OV2 larvae from 50 RRVfed females, which were tested in pools of five with negative results. Additional attempts were unsuccessful because no additional parental females survived to OV2. All OV2 eggs were laid ~4-5 d after infectious blood meal, which most likely was too early for transmission to occur efficiently at 24°C. The numbers of OV3 larvae laid on Day 10 are too low to draw conclusions. It is expected that all parental mosquitoes were infected because the 50% infectious dose of RRV for Op. fuscus is 4.3 log 10 pfu/mL ( Table 6 ) .
No vertical transmission was detected for WNV in Cx. quinquefasciatus. Two experiments were performed by successfully feeding a total of 182 mosquitoes on blood meals containing 9 log 10 pfu/mL of WNV. The total number of OV1 progeny tested was 1, 190 . A second ovarian cycle was completed, with a total of 300 progeny tested, all of which were negative. Seventeen parental females tested for virus infection were positive. The 50% infectious dose of WNV for Cx. quinquefasciatus is 8.4 log 10 pfu/mL ( Table 6 ) .
ID 50 determination. The ability of endemic and introduced NZ mosquito species to become infected by arboviruses also was evaluated where numbers of mosquitoes allowed, by calculating the dose at which 50% of mosquitoes became infected (ID 50 ) ( ( Table 7 ) . Long-term survival of infected Cx. quinquefasciatus was conducted to determine survivorship and ability to transmit virus after extended incubation at winter temperatures. The mosquitoes were infected as described, then maintained at 10°C for 60-120 d after infection with WNV or JEV before being tested for infection and ability to transmit virus. After 60 and 90 d, 100% of Cx. quinquefasciatus were infected, and 20% and 10%, respectively, were able to transmit WNV at 10°C. This is significant as it indicates this species is capable of acting as a viral reservoir for WNV over the winter months. The JEV infection of Cx. quinquefasciatus decreased from 74% at Day 14 to 6% after 120 d at 10°C, and no mosquitoes were able to transmit virus.
DISCUSSION
The mosquitoes chosen for this study were the most likely available mosquitoes of NZ's limited mosquito fauna to be potential vectors of arboviruses to people and animals because of their abundance, distribution, and host preferences. It was observed that the species evaluated have the potential to be efficient vectors of most of the alphaviruses examined, if they were to be introduced into the country. However, they are less competent vectors of flaviviruses, most likely a result of the cool temperatures of incubation, typical of the NZ environment, used in these studies. Flaviviruses replicate faster at warmer temperatures; thus, although the mosquitoes were susceptible to the flaviviruses tested, they were unable to complete the extrinsic incubation period to allow transmission to occur successfully. This was particularly true for Op. fuscus , a highly susceptible mosquito, but very short-lived, thereby preventing completion of the extrinsic incubation period at 24°C. Nonetheless, this species was highly competent for CHIKV, a virus that presents a current threat to the country as it is expanding rapidly in Asia. 26 Other studies with CHIKV and Australian mosquitoes have been conducted, demonstrating the threat this virus poses to regions with competent vectors. 15, 33 Vector competence experiments evaluating CHIKV containing the alanine to valine mutation first observed in La Reunion 34, 35 should be conducted to determine whether there is a difference in competence for this new genotype that is currently circulating so widely in nearby regions.
The observation that freshly harvested virus led to more efficient infection than frozen stock of the same virus has been observed previously with DENV by others. 36, 37 Those results were confirmed with WNV, MVEV, and SINV in this study.
Published results from Australia evaluating vector competence of Ae. notoscriptus 23 showed higher levels of competence for JEV (27% infection, 8% dissemination, 27% transmission) than this study demonstrated; however, mosquitoes were incubated at 28°C, and therefore cannot be directly compared with the results presented here where the NZ population of this mosquito was incubated at lower temperatures more appropriate for NZ. Results obtained for BFV were similar to those obtained here. Culex quinquefasciatus from Australia had 56% infection and 0% dissemination for JEV at 28°C, which was similar to our results at 24°C; 23 and similar results were also obtained for RRV and MVEV.
Despite the low extrinsic incubation temperature simulating winter conditions (16°C), Ae. antipodeus were efficiently infected with BFV, RRV, and DENV-2, and were able to transmit virus after 21 d, and possibly earlier. This species, therefore, should be monitored for BFV, RRV, and DENV infection.
It was not determined whether the alphaviruses tested would survive the cool winters because insufficient numbers of mosquitoes were available to achieve colonization to conduct such studies. However, survival of WNV and JEV over an extended period of time at 10°C was observed. Culex quinquefasciatus were able to transmit WNV after ≥ 90 d at 10°C, thus potentially allowing the virus to survive through winter. The JEV was found in a low number of mosquitoes of this same species held for 120 d, but the numbers were too low to conclude this would not be a possible mechanism of overwintering of this virus. This mosquito species is not known to transmit vertically at high rates, as we confirmed in this study. Further studies should be conducted to determine the potential for vertical transmission by Aedes species mosquitoes of selected alphaviruses. Opifex fuscus have short life spans at temperatures favorable for arboviral replication, probably too short to allow efficient infection of ovaries for vertical transmission to be successful. However, because females of this species will live more than 30 d at 18°C, vertical transmission may be possible at lower temperatures with longer periods of incubation.
The results of this comprehensive study indicate that NZ mosquito species are competent vectors of some arboviruses of medical importance, particularly alphaviruses. However, factors such as feeding preferences, population density, and survivorship also need to be taken into consideration in assessing risk. Therefore, additional field studies should be conducted to determine the conditions under which the laboratory competent species present a risk. Surveillance activities are critical to NZ's biosecurity and should be conducted for selected arboviruses, particularly CHIKV, DENV, MVE, and RRV because of the high level of activity in the neighboring regions. 38 A regional approach to control mosquitoborne viruses has been wisely advocated because of the high risk to this geographic area populated with immunologically naive individuals. 26 Although no endemic activity of arboviral pathogens that infect humans is evident in NZ now, climate change may increase the probability of invasive viruses becoming established. 
